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Nodal has been thought to be an embryo-specific factor that regulates development, but nodal is also expressed in the mouse
placenta beginning at midgestation, specifically in the spongiotrophoblasts. In an insertional null nodal mutant, not only
is embryonic development disrupted, but mouse placental development is also grossly altered with the loss of the diploid
spongiotrophoblasts and labyrinth and an expansion of the polyploid giant cell layer. A hypomorphic mutation in nodal
results in an expansion of the giant cell and spongiotrophoblast layers, and a decrease in labyrinthine development.
Expression of nodal in trophoblast cell cultures is sufficient to inhibit trophoblast giant cell differentiation, demonstrating
that nodal can act directly on trophoblasts. The mechanism of nodal action includes the inhibition of junB gene
transcription. These results suggest that nodal may be involved in redirecting trophoblast fate towards the midgestational
expansion of the labyrinth region while maintaining the thin layer of trophoblast giant cells and the underlying layer of
spongiotrophoblasts that form the boundary between the maternal and extraembryonic compartments. © 2001 Academic Press
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dINTRODUCTION
The earliest differentiation event in the mammalian
embryo is the formation of the trophectoderm, which then
gives rise to the trophoblast lineages within the placenta.
Trophoblast cells at the periphery of the placenta undergo
terminal differentiation to form polyploid giant cells in
rodents. The formation of the terminally differentiated
outer layer of trophoblast cells is critical for implantation
and for the establishment of connections between the
placenta and the maternal vasculature. Giant cell differen-
tiation in mice is for the most part restricted to the thin
layer of cells that contact the uterus, whereas the underly-
ing trophoblasts retain a diploid, proliferative phenotype
that allows for further growth and development of the
placenta (Cross et al., 1994).
1 To whom correspondence should be addressed. Fax: 847-467-
P1757. E-mail: dlinzer@northwestern.edu.
124Many of the extracellular signaling molecules regulating
rophoblast differentiation remain to be characterized. One
ttractive possibility is the involvement of factors in the
ransforming growth factor-b (TGF-b) family, a group of
ecreted signaling proteins that have been implicated in the
egulation of a large array of early differentiation events.
revious results on one protein in this family, nodal,
uggest a role in trophoblast differentiation and function. A
omozygous mutation in mice that blocks embryonic de-
elopment at gastrulation (Conlon et al., 1991) and also
esults in aberrant development of the placenta (Iannaccone
t al., 1992) was later mapped to a gene designated as nodal
Zhou et al., 1993). Nodal homologs have been found in the
rog, zebrafish, and chick where they also play essential
oles in early embryonic development (Jones et al., 1995;
evin et al., 1995; Feldman et al., 1998; Sampath et al.,
998). In mice, nodal has been shown to be required for
evelopment of the mesoderm (Iannaccone et al., 1992;
fendler et al., 2000) and primitive streak (Conlon et al.,
0012-1606/01 $35.00
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126 Ma et al.1994), and implicated in the establishment of left–right
asymmetry (Collignon et al., 1996; Lowe et al., 1996), and
patterning of the anterior axis (Varlet et al., 1997).
Although the nodal receptor has not been identified
biochemically, the phenotypes of mouse embryos lacking
Type I or Type II activin receptor subunits and mouse
embryos lacking nodal are quite similar, suggesting that the
activin and nodal signaling pathways overlap, and possibly
that activin and nodal share a common receptor or at least
a common component of a heterodimeric receptor (Gu et
al., 1998; Song et al., 1999). Compound heterozygotes of
nodal and Smad2 mutants, and nodal and ActRIIa mutants,
give developmental phenotypes which have suggested that
these components are members of a common pathway
(Nomura and Li, 1998; Song et al., 1999). More recent
results indicate that nodal and activin indeed share down-
stream Smad signaling factors (Kumar et al., 2001). Activin
has been demonstrated to be expressed at implantation sites
(Manova et al., 1992; Gu et al., 1995), and to affect tropho-
last hormone secretion (Yamaguchi et al., 1995) and inva-
iveness (Caniggia et al., 1997). Thus, components of the
odal signaling pathway should be present and capable of
esponding to nodal if that factor is also present in the
lacenta.
MATERIALS AND METHODS
Animals
Mice heterozygous for an insertional null nodal gene (Iannac-
cone et al., 1992) were bred to generate homozygous mutant and
ittermate control conceptuses. Mice with a hypomorphic nodal
llele have been generated recently (Lowe et al., 2001). Mice were
maintained on a 14-h light and 10-h dark cycle, and food and water
were freely available. All procedures were approved by the North-
western University Animal Care and Use Committee.
RNA Analysis
Placental tissue was rapidly frozen on dry ice and stored at
280°C until use. For in situ hybridization analysis, tissue was
sectioned to a thickness of 14 mm, fixed in 5% paraformaldehyde,
nd acetylated. Antisense and sense riboprobes were generated by
n vitro transcription of linearized cDNA clones with SP6 or T7
NA polymerase and [a-35S]-labeled or digoxigenin-labeled UTP;
he cDNA clones for placental lactogen (PL) I (Colosi et al., 1987),
L-II (Jackson et al., 1986), proliferin (Linzer and Nathans, 1984),
roliferin-related protein (Linzer and Nathans, 1985), 4311 (Lesci-
FIG. 1. Pattern of trophoblast-specific gene expression at midgesta
mutant (2/2, right-hand column) conceptuses were isolated on d
mRNAs encoding PL-I (A, B), PL-II (C, D), and proliferin (PLF)
proliferin-related protein (PRP) (G, H); or the spongiotrophoblast-spe
(g), spongiotrophoblasts (s), and embryo (e) are indicated. Hybridizaematoxylin stain; no hybridization was detected with sense strand pro
Copyright © 2001 by Academic Press. All rightin et al., 1988), and nodal (Zhou et al., 1993) have all been
escribed previously. Hybridizations were carried out at 47°C for
2–16 h, after which time slides were treated with RNase A.
ybridization was visualized by exposure to NTB-2 emulsion (for
adioactive probes) or with an alkaline phosphatase-conjugated
igoxigenin antibody and chromogenic substrates (for nonradioac-
ive probes).
To analyze the presence and level of specific mRNAs by a
oupled reverse transcription/polymerase chain reaction (RT/
CR), placental RNA was isolated by using Tri-Reagent (Sigma
hemical Company, St. Louis, MO). RNA was reverse transcribed
ith random hexamer primers and M-MLV reverse transcriptase at
2°C for 2 h. PCR conditions to detect the nodal mRNA were as
escribed (Zhou et al., 1993); similar conditions were used to
monitor junB mRNA levels. As an internal control, RT/PCR was
also conducted with primers specific for ribosomal protein L19
mRNA (Clarke and Linzer, 1993).
Cell Culture
Rcho-1 (rat choriocarcinoma) cells (Faria and Soares, 1991) were
maintained in RPMI-1640 medium (GIBCO-BRL, Gaithersburg,
MD) supplemented with 10% fetal bovine serum, 50 mM
b-mercaptoethanol, 1 mM sodium pyruvate, and 100 mg/ml each
penicillin and streptomycin. To promote cell differentiation, the
same medium was used except that 10% horse serum was substi-
tuted for 10% fetal bovine serum, or cells were shifted to NCTC-
135 medium containing 1% fetal bovine serum. TS cells (Tanaka et
al., 1998) were grown in a 1:1 mixture of RPMI supplemented with
15% fetal bovine serum, 100 mM b-mercaptoethanol, 1 mM sodium
yruvate, 2 mM glutamine, and the identical medium which had
rst been conditioned by mitomycin-treated mouse embryo fibro-
last cells. To the combined medium were added 25 mg/ml recom-
inant human FGF-4 (R & D Systems, Minneapolis, MN) and 1
g/ml heparin. For differentiation of TS cells into giant cells,
ultures were fed with RPMI with 15% fetal bovine serum, 100 mM
b-mercaptoethanol, 1 mM sodium pyruvate, 2 mM glutamine, but
without the embryo fibroblast conditioned medium, FGF-4, and
heparin.
DNA Constructs and Transient Transfections
The nodal expression construct contains the full-length nodal
cDNA with a His6 tag in pTracer-CMV (Invitrogen, Carlsbad, CA);
similar expression construct in which the nodal secretion and pro
egions were replaced by the corresponding mouse BMP-2 se-
uences was also utilized. The 2.7-kb PL-I gene promoter linked to
he CAT gene has been described previously (Shida et al., 1993);
lternatively, the identical PL-I promoter linked to the luciferase
eporter gene was utilized for some transfection experiments. The
unB expression construct was provided by Lester Lau, and the
in the nodal mutant. Wild-type (1/1, left-hand column) and nodal
0, sectioned, and hybridized to probes for the giant cell-specific
F); the giant cell and spongiotrophoblast expressed mRNA for
4311 mRNA (I, J). Maternal decidual tissue (d), placental giant cells
f 35S-labeled probes is seen as dark silver grains over the light bluetion
ay 1
(E,
cific
tion obes (data not shown). Bar, 100 mm.
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127Nodal in Trophoblasts6.5-kb junB gene promoter linked to the luciferase coding region
(Brown et al., 1995) by Robert Brown.
Rcho-1 cells from a confluent 10-cm dish were split 1:10 or 1:50
into 6-well plates 24 h prior to transfection. For experiments that
utilized the PL-I promoter to report on the differentiation state of
the cell cultures, each transfection included 0.5 mg of the PL-I gene
promoter linked to a CAT or luciferase reporter gene. A total of 1
mg DNA and 5 ml Lipofectamine (GIBCO-BRL) or 1.5 mg DNA and
.5 ml Lipofectamine was used for each transfection with pTracer-
MV vector DNA used to balance the amount of DNA in each
ample. After incubation of the cells with the transfection mixture
or 5 h, the cells were washed and fed with NCTC-135 medium
GIBCO-BRL) supplemented as above except for the use of 1% fetal
ovine serum. For measurement of CAT reporter activity, cells
ere harvested 54–72 h posttransfection, and lysates were prepared
nd assayed as described (Lin and Linzer, 1998). For luciferase
ssays, cells were lysed in 0.15 ml lysis buffer (0.1% Triton X-100,
5 mM Hepes, pH 7.8, 15 mM MgSO4, 1 mM dithiothreitol, 4 mM
GTA) and 50 mg of protein for each sample were diluted into
ample buffer (25 mM Hepes, pH 7.8, 15 mM MgSO4, 5 mM ATP,
mg/ml bovine serum albumin) to a total volume of 0.35 ml;
luminometer measurements of luciferase activity were carried out
with a luciferin substrate (Sigma).
Transfection experiments scoring for morphological differentia-
tion, based on Nakayama et al. (1998), utilized 0.5 mg of the nodal
FIG. 2. Nodal synthesis in the placenta. Placental RNA from days
8–18 of gestation, RNA from spleen (Sp) which does not express
nodal, RNA from embryonic stem cells (ES) which express nodal,
and a sample with no RNA (2) were analyzed by RT/PCR in the
presence of a radioactive nucleotide with primers specific for nodal
(top) or for the ribosomal protein L19 (bottom) mRNA. Reaction
products were separated by gel electrophoresis and visualized by
autoradiography. Three independent samples for days 8 and 10
were examined with identical results, and the other time points
were analyzed at least in duplicate.xpression construct and 0.1 mg of RSV-lacZ DNA mixed with 3 ml
Copyright © 2001 by Academic Press. All rightf Lipofectamine. This method was used to define transfected cells
y staining for b-galactosidase; because of the low transfection
efficiencies in the trophoblast cell cultures, and because nodal is
expected to act locally, this approach allows cells exposed to the
highest nodal concentrations to be scored. Rcho-1 cell transfections
were carried out as above, and, at 72 h posttransfection, cells were
fixed in 2% (v/v) formaldehyde and 0.2% (v/v) glutaraldehyde in
phosphate buffered saline, and stained overnight at 37°C for
b-galactosidase activity in 5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, 2 mM MgCl2, and 1 mg/ml X-gal in
phosphate buffered saline (Sanes et al., 1986). From each trans-
fected well, five nonoverlapping regions were counted that in-
cluded at least 100 b-galactosidase-positive cells within each
region, with cells scored as either giant or proliferative based on
cell morphology.
Transfections of TS cells were carried out in serum-free OPTI-
MEM (GIBCO-BRL) with SuperFect Reagent (Qiagen, Chatsworth,
CA) and 2 mg of DNA per well in 12-well plates. After 3 h, medium
was removed and replaced with differentiation medium.
RESULTS
Placental Phenotype of the Nodal Mutant
In addition to early embryonic lethality, a mouse strain
carrying an insertional null mutation in the nodal gene
displays abnormal placental development with an excessive
number of trophoblast giant cells (Iannaccone et al., 1992).
hese giant cells activate the wild-type program of giant
ell-specific gene expression as revealed by in situ hybrid-
zation with probes for the trophoblast-specific PL-I, PL-II,
roliferin, and proliferin-related protein mRNAs (Figs. 1A–
H). The PL-I, PL-II, and proliferin genes are expressed
pecifically in giant cells (Lee et al., 1988; Nieder and
ennes, 1990; Faria et al., 1991; Yamaguchi et al., 1992;
arney et al., 1993), whereas proliferin-related protein is
ynthesized by both giant cells and spongiotrophoblasts
Colosi et al., 1988; Carney et al., 1993). At gestational day
0, the PL-I and proliferin mRNAs are present in all giant
ells in the nodal mutant, but the PL-II and proliferin-
elated protein mRNAs are detected in a subset of giant
ells. In the wild-type placenta, the latter two mRNAs are
pecifically expressed in the secondary giant cells and not in
rimary giant cells (Ma and Linzer, 2000). Thus, functional
ariation is retained in the expanded giant cell population
n the absence of nodal. Even within the secondary giant
ell zone, though, not all cells in the mutant are positive for
roliferin-related protein. In the wild type, this gene only
tarts to be expressed at midgestation; it is possible that, at
ay 10 in the mutant, the multiple layers of giant cells in
his region are not synchronously activating the temporally
egulated program of hormone production.
In contrast to the increase in giant cell numbers, appar-
ntly all of the diploid spongiotrophoblasts and the laby-
inth are lost in the insertional null mutant. Consistent
ith this observation, in situ hybridization with a probe for
the spongiotrophoblast marker 4311 (Lescisin et al., 1988)
reveals no positive cells in the nodal mutant (Figs. 1I–1J).
The absence of nodal thus results in excessive diploid
s of reproduction in any form reserved.
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128 Ma et al.trophoblast differentiation into polyploid giant cells at the
expense of the spongiotrophoblast population. No addi-
tional trophoblast cell types arise, and no further placental
development is detected, in the nodal mutant beyond day
10.
Nodal Expression in the Placenta
The effect of nodal on placental development and func-
tion might be indirect, with nodal required for embryonic
expression of factors that in turn regulate trophoblast
differentiation. Alternatively, nodal might also be ex-
pressed within the placenta and be acting locally and
directly within the extraembryonic compartment. Consis-
tent with the latter hypothesis, nodal mRNA is found to be
present in the placenta beginning on day 10 of gestation by
RT/PCR; no placental expression is detected at day 8 (Fig.
2). Analysis of the RT/PCR product revealed its DNA
sequence to be identical to the reported sequence of the
nodal cDNA (Zhou et al., 1993).
FIG. 3. Localization of nodal mRNA within the placenta. Sectio
hematoxylin (A) or hybridized to digoxigenin-labeled RNA
spongiotrophoblast-specific 4311 mRNA (C), or nodal mRNA (D
phoblasts (s), and the labyrinth (l) are indicated. Nonradioactive
color; no hybridization was detected with sense strand probes
corresponding to an edge of the giant cell layer; the arrowheads
the spongiotrophoblast layer. Bar, 100 mm.Localization of the nodal mRNA within the placenta at
Copyright © 2001 by Academic Press. All rightay 10 (data not shown) and day 12 (Fig. 3) by in situ
ybridization reveals that expression is restricted to the
pongiotrophoblasts with a complete overlap of 4311- and
odal-positive cells (arrowhead). Nodal expression is not
etected in the giant cells (arrow), which are identified by
he presence of proliferin mRNA, nor in the labyrinth. The
ombination of the temporal and spatial patterns of nodal
xpression in the placenta indicates that the nodal gene is
ctivated as the ectoplacental cone trophoblasts give rise to
he spongiotrophoblasts. Thus, nodal is produced in the
lacenta when and where it could act directly to regulate
lacental development.
Placental Development in a Nodal Hypomorph
The interpretation of the effect of the absence of nodal on
placental development could be complicated by the lack of
embryonic development and chorioallantoic fusion in the
null background. Several experimental approaches can be
used to address the role nodal has on placental development
om a wild-type placenta at day 12 of gestation were stained with
obes for the giant cell-specific proliferin mRNA (B), the
aternal decidual tissue (d), placental giant cells (g), spongiotro-
ridization of digoxigenin-labeled probes is seen as reddish-blue
shown). The arrows point to the same position in each panel
to the same position in each panel corresponding to an edge ofns fr
pr
). M
hyb
(not
pointwhen chorioallantoic fusion occurs and embryonic devel-
s of reproduction in any form reserved.
129Nodal in Trophoblastsopment is proceeding. We have taken one approach made
possible by the recent demonstration that a nodal allele
modified with loxP sites is functionally hypomorphic
(Lowe et al., 2001).
Embryos heterozygous for the null allele and the hypo-
morphic allele display a range of developmental defects. A
subset are viable past midgestation and show normal cho-
rioallantoic fusion; this subset has been studied. At day
10.5, obvious placental defects occur in this genetic back-
ground, whereas similar defects were never seen in control
crosses. These mutant placentas had an expanded giant cell
layer, similar to the effect of the null mutation (compare
Figs. 4A and 4B). In contrast to the nodal null background,
though, smaller, presumably diploid trophoblasts are still
present. These smaller cells are mostly spongiotropho-
blasts, as indicated by the expression of both nodal (not
shown) and 4311 in this population (Figs. 4C and 4D), but
this cell layer has also expanded in thickness at the expense
of the labyrinth region; in contrast, the length of the arc of
4311-positive cells is the same in the wild type and the
mutant. Thus, decreased nodal expression affects the devel-
opment of the placenta, with an expansion of the giant cell
and spongiotrophoblast compartments at the expense of
FIG. 4. Placental development in a null/hypomorphic heterozy
at day 10.5 were sectioned and stained with hematoxylin (A, B)
and (B) highlight the expansion of the giant cell zone in the mut
by the 4311 hybridization in (C) and (D). Maternal decidual t
labyrinth (l) are indicated. Bar, 100 mm.labyrinth growth. t
Copyright © 2001 by Academic Press. All rightEffects of Nodal on Trophoblast Differentiation
If nodal is acting directly to inhibit giant cell differentia-
tion, then it may be possible to detect similar effects on
pure trophoblast populations in culture. Proliferative
Rcho-1 trophoblasts differentiate spontaneously into giant
cells (Faria and Soares, 1991) and provide a faithful system
for the analysis of differentiation and trophoblast-specific
gene expression (Shida et al., 1993; Hamlin et al., 1994;
Cross et al., 1995). To determine whether nodal can disrupt
the normal process of trophoblast giant cell differentiation,
a wild-type nodal expression construct was introduced into
Rcho-1 cells. The effect on differentiation of the transfected
nodal expression construct was determined in two ways.
First, the Rcho-1 cultures were also transfected with the
PL-I gene promoter linked to the chloramphenicol acetyl-
transferase (CAT) gene; the PL-I promoter is only active in
differentiated giant cells and not in the precursor, prolifera-
tive trophoblasts (Shida et al., 1993). In a second assay, the
effect of nodal on the complete differentiation program was
assessed by cotransfection of the nodal expression construct
with a constitutive b-galactosidase expression vector; in
nodal mutant. Wild-type (A, C) and mutant (B, D) conceptuses
ybridized to probes for 4311 (C, D) mRNA. The brackets in (A)
a similar expansion of the spongiotrophoblast region is evident
(d), placental giant cells (g), spongiotrophoblasts (s), and thegous
or h
ant;
issuehis way, transfected cells expressing nodal could be iden-
s of reproduction in any form reserved.
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130 Ma et al.FIG. 5. Nodal regulation of giant cell differentiation. (A) Rcho-1 trophoblasts were cotransfected with the PL-I promoter linked to the CAT
gene and increasing amounts of a nodal expression construct; total DNA concentrations were kept constant by addition of vector DNA.
Transfected cell lysates were assayed for CAT activity (n 5 4, results shown are the mean 6 SEM; P , 0.01, 0.001, and 0.001, respectively,
for the control compared to the increasing amounts of nodal DNA as determined by a one-way ANOVA followed by a posthoc Tukey’s test.
(B) Rcho-1 trophoblasts were cotransfected with a constitutive b-galactosidase expression construct (RSV-lacZ) and either the nodal
xpression construct or vector in a 1:5 ratio. The b-galactosidase-positive cells were identified by stain and the percentage of these cells that
were morphologically giant or small were determined. Results are the mean 6 SEM, n 5 3; P , 0.0001 by t test. (C) TS trophoblasts were
cotransfected with a constitutive b-galactosidase expression construct (RSV-lacZ) and either the nodal expression construct or vector in a
:4 ratio. The b-galactosidase-positive cells were identified by stain and the percentage of these cells that were morphologically giant or
small were determined. Results are the mean 6 SEM, n 5 3; P , 0.01 by t test. (D) Rcho-1 trophoblasts were cotransfected with the PL-I
romoter linked to the lacZ reporter gene and either vector, the nodal expression construct, or a BMP-nodal fusion construct. Transfected
ell lysates were assayed for b-galactosidase activity. Results shown are the mean 6 SEM, n 5 3; P , 0.001 by t test for both nodal and
MP-nodal compared to vector.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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131Nodal in Trophoblaststified by staining for b-galactosidase activity and those cells
cored for morphological differentiation.
Nodal inhibits PL-I promoter activation in a dose-
ependent manner, thereby indicating that nodal is inhib-
ting Rcho-1 cell differentiation (Fig. 5A). Nodal was also
ound to inhibit the transcriptional activation of the PL-II
ene promoter, another marker for giant cell differentiation
Lin and Linzer, 1998), in this cotransfection assay (data not
hown). Using the second assay, the percentage of
b-galactosidase-positive cells that had differentiated into
giant cells, scored by the obvious morphology of giant cells
compared to the diploid trophoblasts, decreased signifi-
cantly in the presence of nodal (Fig. 5B). This same assay
was also conducted with nontransformed mouse tropho-
blast (TS) cells which differentiate into giant cells in culture
(Tanaka et al., 1998). Transfection of TS cells with the
nodal expression construct also causes a decrease in giant
cell differentiation (Fig. 5C). Thus, as predicted by the
expansion of the giant cell population in vivo in both the
nodal insertional null mutant and in the hypomorphic
nodal mutant, nodal expression leads to decreased differen-
tiation of proliferative trophoblasts into giant cells.
One potential concern with transfection of a wild-type
nodal expression construct as a means of exposing tropho-
blasts to nodal protein is that processing of the nodal
precursor may be inefficient. Since nodal has proven very
difficult to characterize at the protein level, we therefore
addressed this concern by testing the effect of an expression
construct encoding a chimeric precursor with the mouse
BMP-2 secretion signal, pro region, and proteolytic process-
ing signal fused to the coding region of the mature nodal
polypeptide. This construct leads to higher levels of se-
creted nodal protein in a variety of transfected cell lines
(M.R.K., unpublished observations) and is similar to other
FIG. 6. Increased junB expression during giant cell differentiation.
Total RNA was isolated from undifferentiated (U) or giant cell
differentiated (D) Rcho-1 or TS cell cultures. The RNA was reverse
transcribed and then amplified by PCR with primers specific to the
junB mRNA or, as an internal control, to the ribosomal protein L19
(rpL19) mRNA. PCR was carried out in the presence of a radioac-
tive nucleotide, and products were visualized by autoradiography.constructs shown to enhance the nodal maturation steps
Copyright © 2001 by Academic Press. All rightConstam and Robertson, 1999). Identical results were ob-
ained with this chimeric protein (Fig. 5D).
JunB Gene Transcription Is a Target of Nodal
Signaling in Trophoblasts
AP-1, the homodimeric complex of jun proteins or het-
erodimers of jun and fos family members, is an important
transcription factor in the expression of a number of
trophoblast-specific genes (Soloveva et al., 2000). One of the
jun proteins, junB, is essential for proper placental develop-
ment and trophoblast giant cell gene expression (Schorpp-
Kistner et al., 1999). Consistent with these observations,
we find that junB mRNA levels increase during both Rcho-1
and TS cell differentiation (Fig. 6), and that introduction of
a junB expression construct into both Rcho-1 and TS cells
stimulates giant cell differentiation (Fig. 7).
The pattern of junB expression, and the effects of in-
creased levels of junB on cell differentiation, suggest that
junB gene expression is regulated by factors which control
trophoblast cell differentiation. Among the key regulatory
elements which have been defined in the junB gene up-
stream region are consensus sites for Smad factors (Jonk et
al., 1998), and activin has been shown to regulate junB gene
expression in various cell backgrounds (Hashimoto et al.,
FIG. 7. JunB stimulates giant cell differentiation. Undifferenti-
ated Rcho-1 or TS cell cultures were cotransfected with RSV-lacZ
and either the junB expression construct or the empty expression
vector. Three days posttransfection, cells were stained for
b-galactosidase activity (to mark transfected cells) and the percent-
age of stained cells which had differentiated into giant cells was
scored. For both sets of transfections, n 5 3 and P , 0.01 for junB
compared to vector control.
s of reproduction in any form reserved.
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133Nodal in Trophoblasts1993). Thus, the mechanism of nodal action on trophoblast
differentiation may involve the regulation of junB transcrip-
tion. To examine this possibility, the 6.5-kb junB gene
upstream region linked to a luciferase reporter gene was
transfected into Rcho-1 and TS cells along with the nodal
expression construct or the empty expression vector. This
region of the junB gene contains the Smad response ele-
ments. Transcription from the 6.5-kb promoter was re-
pressed by the introduction of the nodal expression con-
struct (Figs. 8A and 8B), consistent with nodal inhibiting
giant cell differentiation by, at least in part, blocking the
synthesis of junB protein. Analysis of a promoter deletion
series indicates that the inhibitory effect of nodal is re-
tained even in the 2190 promoter (Fig. 8C), which by
sequence analysis has a single Smad binding site.
The effect of nodal on junB expression suggests that these
two factors would have antagonistic effects on trophoblast
differentiation into giant cells. As predicted, cotransfection
of nodal and junB expression constructs into Rcho-1 cells
results in inhibition of differentiation when nodal DNA is
in excess and stimulation of differentiation when junB
DNA is in excess (Fig. 8D).
DISCUSSION
The results presented here demonstrate that, in addition
to its expression within the embryo, nodal is also produced
in the extraembryonic compartment. The combination of
nodal’s specific expression within the spongiotrophoblast
layer of the placenta beginning at midgestation and the
increase of the giant cell and spongiotrophoblast popula-
tions in the nodal hypomorph suggests that nodal functions
locally to limit the growth of these layers of the placenta at
a stage when the labyrinth normally expands. The giant cell
and spongiotrophoblast layers are the major endocrine com-
ponent of the placenta, and form part of the nutrient/waste
exchange system between the maternal and fetal compart-
ments; the latter function is the role of the labyrinth in
mid-to-late gestation (Cross et al., 1994). Thus, while sig-
nals at the chorion/allantois interface appear to be directing
labyrinth development from one side (Anson-Cartwright et
al., 2000), nodal expression at the opposite (spongiotropho-
FIG. 8. Nodal represses transcription from the junB promoter. A
to the luciferase reporter gene was cotransfected into Rcho-1 (A) o
vector. Cell lysates were prepared 3 days posttransfection and assa
0.001; for the TS cell results, n 5 5 and P , 0.001. (C) The analysis
mutants. A schematic of the promoter region and the location of S
inhibits transcriptional activity. (D) Antagonistic effects of noda
cultures were cotransfected with constant amounts of RSV-lacZ, an
Total DNA in each transfection was kept constant by the addition
giant cells, and the mean 6 SEM from triplicate samples was det
ifferent response as determined by a one-way ANOVA followed b
.001.
Copyright © 2001 by Academic Press. All rightblast) boundary of the labyrinth may be important for
redirecting trophoblast cell fate at midgestation to partici-
pate in the growth of this structure. This hypothesis will
need to be examined by analyzing trophoblast expression of
labyrinth markers in the nodal hypomorphic background at
various stages of placental development and (when suitable
cell culture systems are available) by directly exploring
nodal’s effects on differentiation of labyrinthine tropho-
blasts.
The analysis of the nodal hypomorph excludes the possi-
bility of indirect effects of nodal on trophoblast differentia-
tion as a result of defects in chorioallantoic fusion or an
early failure in embryonic development. Such secondary
effects are concerns in the nodal null background, and
indeed the placental phenotypes of the hypomorph and null
backgrounds are different. A requirement for direct nodal
action within the placenta is consistent with the inhibition
of terminal differentiation into giant cells detected in two
trophoblast cell culture models transfected with nodal
expression constructs. Further establishment of a direct and
local role of nodal in placental development may be pos-
sible with chimera aggregation experiments in which tet-
raploid cells containing the nodal mutation are used to
generate the extraembryonic compartment.
Since we were unable to detect nodal expression in the
placenta before the stage at which spongiotrophoblasts
arise, nodal is unlikely to be a primary signal that induces
ectoplacental cone trophoblasts to form the spongiotropho-
blast layer. In contrast, the formation of the spongiotropho-
blast layer is disrupted in mouse mutants lacking Mash-2
(Guillemot et al., 1994). Furthermore, the lack of spongio-
trophoblasts in the Mash-2 mutant appears to be directly
responsible for the midgestational lethality of this muta-
tion, demonstrating the essential role of the spongiotropho-
blasts for fetal development (Guillemot et al., 1994).
Mash-2 is expressed in ectoplacental cone trophoblasts
before the onset of nodal expression and spongiotrophoblast
formation (Guillemot et al., 1994), raising the possibility
that Mash-2 might contribute to the specific expression of
nodal in the spongiotrophoblasts.
We expected that the mechanism of nodal action in
trophoblasts would involve the regulation of known Smad-
responsive genes which are important in placental develop-
b region upstream of the junB gene transcription start site linked
(B) cells along with the nodal expression construct or the empty
or luciferase activity (RLU). For the Rcho-1 results, n 5 3 and P ,
repeated in Rcho-1 cells with a series of 59 deletion junB promoter
sites (SBE) is shown. For each promoter region, nodal significantly
junB on giant cell differentiation. Undifferentiated Rcho-1 cell
rying amounts (in mg) of the nodal and junB expression constructs.
ector DNA. Transfected cells were scored for differentiation into
ed. Compared to the control, each treatment gave a statistically
osthoc Tukey’s test: a, P , 0.001; b, P , 0.05; c, P , 0.05; d, P ,6.5-k
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134 Ma et al.ment. Consistent with this prediction, nodal does regulate
junB promoter activity, a gene which is required for normal
placental development (Schorpp-Kistner et al., 1999). A
odal-dependent reduction in junB expression can explain
he effects of nodal on cell differentiation, because as we
how here junB levels normally increase during Rcho-1 and
S differentiation and elevated junB stimulates giant cell
ormation. JunB likely represents one of several key targets
or nodal signaling in trophoblasts. For example, the mouse
nail gene is involved in giant cell differentiation (Na-
ayama et al., 1998), and nodal has been found to regulate
he Drosophila snail-related gene (Patel et al., 1999).
A surprising and intriguing aspect of this regulation is
that junB transcription is induced, not repressed, by activin,
activated Smad proteins, and nodal in other cell types
(Hashimoto et al., 1993; Jonk et al., 1998; Kumar et al.,
2001). Thus, trophoblasts may interpret nodal binding to its
receptor differently than do other cell types. This finding
may have significant implications for the evolutionary
origins of placental development. Homologous structures
for the placenta do not form (except in a few unusual cases)
in animals which predate mammalian lineages. The ability
of mammals to form a placenta with temporally and spa-
tially controlled differentiation of multiple trophoblast cell
types may therefore have arisen, at least in part, from an
increased diversity of signaling responses to evolutionarily
conserved regulatory factors. Nodal may therefore prove to
be just one example of a secreted regulatory molecule
which acts on both the extraembryonic and embryonic
compartments but with distinct molecular, differentiation,
and developmental effects.
Finally, the midgestational expression of nodal appar-
ently positions this factor to regulate trophoblast cell fate
decisions after other factors, notably FGF4 (Tanaka et al.,
998), act earlier in the establishment or maintenance of
he trophoblast stem cell population. Thus, nodal may
articipate in the switch from the more rudimentary pla-
enta of early gestation to the chorioallantoic placenta with
highly intricate labyrinthine vascular network that pro-
otes nutrient and gas exchange. By limiting trophoblast
erminal differentiation into giant cells and the expansion
f the spongiotrophoblast population, nodal may enable
roliferative, multipotential trophoblasts to adopt a laby-
inthine trophoblast fate.
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